Background: Drosophila olfactory aversive conditioning produces two components of intermediate-term memory: anesthesia-sensitive memory (ASM) and anesthesia-resistant memory (ARM). Recently, the anterior paired lateral (APL) neuron innervating the whole mushroom body (MB) has been shown to modulate ASM via gap-junctional communication in olfactory conditioning. Octopamine (OA), an invertebrate analog of norepinephrine, is involved in appetitive conditioning, but its role in aversive memory remains uncertain. Results: Here, we show that chemical neurotransmission from the APL neuron, after conditioning but before testing, is necessary for aversive ARM formation. The APL neurons are tyramine, Tbh, and OA immunopositive. An adult-stage-specific RNAi knockdown of Tbh in the APL neurons or Octb2R OA receptors in the MB a 0 b 0 Kenyon cells (KCs) impaired ARM. Importantly, an additive ARM deficit occurred when Tbh knockdown in the APL neurons was in the radish mutant flies or in the wild-type flies with inhibited serotonin synthesis. Conclusions: OA released from the APL neurons acts on a 0 b
Introduction
The fruit fly Drosophila melanogaster can form associative memory of an odor conditioned stimulus (CS) paired with appetitive sugar reward or aversive electrical foot shock as an unconditioned stimulus (US) [1, 2] . Mushroom bodies (MBs) integrate the olfactory CS with neuromodulatory reinforcement (US) that is thought to rely on both dopaminergic and octopaminergic signals in appetitive learning, but on only dopaminergic signaling in aversive learning [3] [4] [5] [6] . Each MB consists of thousands of Kenyon cells (KCs) with their projections segregated into g, a 0 b 0 , and ab lobes ( Figure S4A available online). A wealth of evidence suggests that aversive olfactory memory is initially formed through a D1-like dopamine receptor in the g KCs, followed by communication between g and ab KCs to form intermediate-term memory (ITM) lasting for several hours [7, 8] . ITM is operationally divided into two forms by its susceptibility to cold-induced anesthesia: anesthesia-sensitive memory (ASM) and anesthesia-resistant memory (ARM) [9, 10] . ASM formation requires heterotypic gap-junctional communication between two MB modulatory neurons, the dorsal paired medial (DPM) neurons and the anterior paired lateral (APL) neurons [11] , and normal expression of the amnesiac gene, which has been hypothesized to encode a putative neuropeptide in the DPM neuron [12] . ARM formation requires serotonergic neurotransmission from the DPM neurons to d5HT1A serotonin receptors in ab KCs [13] and normal expression of the radish gene, which shows immunopositive signals in the ab KCs [14] .
Octopamine (OA) is synthesized from a biosynthetic pathway involving tyrosine decarboxylase (TDC) to convert tyrosine to tyramine and tyramine-b-hydroxylase (Tbh) to convert tyramine to OA [15] . Here, we show that the APL neurons release OA acting on a 0 b 0 KCs via Octb2R receptors to modulate ARM formation. Additive effects of OA-a 0 b 0 KC and serotonin-ab KC actions suggest that ARM formation has two parallel pathways in the MB.
Results
Neurotransmission from the APL Neurons Is Necessary for ARM We first tested whether chemical neurotransmission from the two APL neurons is necessary for a 3 hr memory of aversive olfactory conditioning. Acute manipulation with dominant temperature-sensitive shibire ts1 (shi ts1 ) showed that blocking neurotransmission outputs from GH146-GAL4 containing the APL neurons ( Figure 1A ) during the 2 hr period after training impaired 3 hr memory retention ( Figure 1B ). This finding was attributed to a defect in ARM because memory impairment persisted after removing ASM with cold-induced anesthesia. In order to exclude the involvement of other neurons in GH146-GAL4, we identified an APL-GAL4 line with specific expression in the two APL neurons ( Figures 1C and S1 ) and confirmed the ARM deficit after blocking APL neurotransmission ( Figure 1D ).
APL Neurons Are Both GABAergic and Octopaminergic
Using an RNAi-mediated knockdown of glutamate decarboxylase (Gad1, CG14994), the gene encoding the synthetic enzyme for GABA, we tested whether normal levels of GABA in the APL neurons are necessary for ARM. With a full conditioning protocol to avoid the enhancement of learning by reduced g-aminobutyric acid (GABA) levels [16] , we showed that reduced GABA levels by constitutive Gad1 RNAi expression in the APL neurons ( Figure S2A ) did not affect 3 hr memory ( Figure S2B ). An adult-stage-specific Gad1 knockdown in the APL neurons yielded the same result (Figure 2A) . In order to identify the neurotransmitter involved in ARM, we performed whole-mount immunostaining using a panel of antibodies against acetylcholine transferase, GABA, vesicular glutamate transporter, serotonin, tyrosine hydroxylase, tyramine, Tbh, and OA. Our results showed that the APL neurons are immunopositive for tyramine, Tbh, OA (Figures 2B-D) , and GABA ( Figure S2C ). The APL neuron has a large cell body ( Figure S4B ) and showed weak OA-antibody immunopositive signal ( Figure 2D ), so we conducted additional experiments to confirm the specificity of immunostainings. First, OA-antibody immunostaining signal of the APL neuron in Tbh-null mutant flies was hardly detectable (Figure S2D) . Quantitative comparison showed significantly lower immunostaining signals in Tbh-null mutant flies than in wildtype flies ( Figure 2E ). Second, we confirmed that the immunostaining signal to Tbh, the enzyme converting tyramine to OA, in the APL neuron was diminished in Tbh-null mutant flies ( Figure S2E ) and specifically downregulated by RNAi-mediated knockdown of Tbh in wild-type flies ( Figure S3A ). Finally, we validated the specificity of Tbh and OA immunostaining by showing that the immunostaining signal to tyramine, the substrate of Tbh enzyme, in the APL neuron remained unaffected in Tbh-null mutant flies ( Figure S2F ). Together, these data indicated that APL neurons are both GABAergic and octopaminergic.
OA in APL Neurons Is Essential for Normal ARM Next, we showed that 3 hr memory is impaired in Tbh-null mutant flies with or without cold shock treatment ( Figure 2F ). Adult-stage-specific knockdown of Tbh in GH146-GAL4 neurons impaired 3 hr memory, which was attributed to ARM deficit by additional cold shock treatment ( Figure 3A ).
Adult-stage-specific knockdown of Tbh in APL-GAL4 neurons also impaired 3 hr ARM with normal learning ( Figures  3B and S3C ). Tbh knockdown in the APL neuron also impaired 24 hr ARM after massed training ( Figure S3B ). These data suggest that normal OA levels in the APL neurons are essential for aversive ARM consolidation, but not for memory acquisition.
dTdc2-GAL4 expresses GAL4 under the control of a regulatory sequence of the dTdc2 gene and hence is used routinely as a driver representing octopaminergic/tyraminergic neurons ( Figure S3D ; Movie S1). It covers approximately 170 octopaminergic neurons in the brain [17] , but does not include the APL neurons, as indicated by GABA-antibody immunostaining ( Figure S3E ). Adult-stage-specific knockdown of Tbh in dTdc2-GAL4 neurons did not affect 3 hr memory ( Figure 3C ), suggesting that most octopaminergic neurons other than the APL are not involved in ARM formation.
Axon-Dendrite Polarity of the APL Neuron Using genetic mosaic analysis with a repressible cell marker (MARCM), we found that an APL neuron projected fibers posteriorly and innervated the whole ipsilateral MB, including the calyx and peduncle, all lobes, and contralateral b 0 lobes (Figures S4A and S4B ) [16] . Polarity labeling with Syt::HA, which indicated putative axonal terminals, showed an APL neuron with more presynaptic terminals in the a 0 b 0 lobes and heel than other subregions in the MB (Figures 4A and S4C) . Putative dendrites labeled with DenMark [18] were distributed more evenly among all MB subregions ( Figures 4B and S4D ). These Octopaminergic APL-a 0 b 0 KC Circuit for ARMresults, together with the preferential distribution of putative synaptic active zones in the a 0 b 0 lobes [19] , predict that the a 0 b 0 KCs are the primary downstream targets of neurotransmitters released from the APL neuron.
Octb2R in a 0 b 0 KCs Is Essential for ARM Drosophila has four known OA receptors: OAMB, Octb1R, Octb2R, and Octb3R [20, 21] . We used RNAi-mediated knockdown in all KCs, driven by OK107-GAL4, and found that ARM was impaired in flies with reduced levels of octb2R, but not oamb, octb1R, or octb3R ( Figure 5A ). OK107-GAL4 > UASoctb2R
RNAi flies exhibited normal learning ( Figure S5A ), suggesting that the ARM impairment was not to the result of a developmental defect. Driving UAS-octb2R
RNAi (v104524) expression in specific subsets of MB neurons, we found that ARM formation requires normal levels of the Octb2R receptor in the a 0 b 0 KCs (VT30604-GAL4), but not in the ab KCs (C739-GAL4) or g KCs (201Y-GAL4) ( Figure 5B). The requirement for octb2R in a 0 b 0 KCs for ARM was further confirmed by an independent RNAi line, v104050 ( Figure S5C ), which targets a distinct sequence of octb2R. Both lines of VT30604-GAL4 > UAS-octb2R
RNAi (v104524 and v104050) exhibited normal learning ( Figures S5B and S5C ). The effectiveness of all RNAi lines used in this study was validated using quantitative PCR (qPCR) ( Figure S5D ). Because the qPCR results showed partial and variable knockdowns, we could not completely exclude the possibility of additional OA receptor genes being involved in this process. Western blot analysis verified a significant reduction of Octb2R in elav-GAL4 > UAS-octb2R RNAi (v104524) flies compared to control flies ( Figure 5C ). Because the homozygous octb2R mutant flies are sterile, we confirmed the requirement of octb2R for ARM again with the heterozygous PBac{WH}octb2R f05679 mutant flies ( [3, 22] ; Figure 5D ). Consistently, whole-mount Octb2R immunostaining showed the preferential immunopositive signal in the a 0 b 0 lobes and surface glia in the wild-type flies ( Figures 5E and S5E ) and reduced signals in the heterozygous octb2R mutant flies ( Figure S5F ).
To rule out potential developmental effects, we next tested flies with inducible knockdown of octb2R using tubP-GAL80 ts in two independent GAL4 lines, VT30604-GAL4 and VT57244-GAL4, that expressed exclusively in the a 0 b 0 KCs ( Figures 6A and 6C) . Our results showed that adult-stage-specific knockdown of octb2R in the a 0 b 0 KCs also impaired ARM ( Figures 6B and 6D ). In contrast, octb2R knockdown in the APL neurons did not affect ARM ( Figure 6E ).
Additive Chemical and Gap-Junctional Modulations of ITM
To further evaluate the overall role of the APL neurons in ITM, we conducted a combinatorial assay involving knockdown of the ASM-required inx7 [11] and/or ARM-required Tbh (Figure 7A ). Figure 7A, g ), but not in the inx7 knockdown flies ( Figure 7A, f) . Knockdown of Tbh further reduced 3 hr memory in flies already with cold-induced anesthesia and inx7 knockdown ( Figure 7A, f and h) . Thus, similar to the DPM neurons [11, 13] , the APL neurons modulate both ASM and ARM formations.
Octopaminergic APL and Serotoninergic DPM in ARM Formation Next, differences in neurotransmitters and their downstream receptors prompt us to further address the relationship between octopaminergic APL and serotoninergic DPM neurons in ARM formation. ARM is impaired in the radish mutant (rsh 1 ) flies [23] or wild-type flies fed with DL-p-chlorophenylalanine (pCPA), a serotonin synthesis inhibitor [13, 24] . Lacking additive effect suggests that these two manipulations act on the same pathway in ARM formation [13] . Interestingly, we found that 3 hr ARM was further reduced in flies subjected to pCPA feeding plus Tbh knockdown in the APL neurons ( Figure 7B) . A similar additive effect was observed in the rsh 1 mutant flies plus Tbh knockdown in the APL neurons ( Figure 7C ). Together, these results suggest that the octopaminergic APL neurons and the serotoninergic DPM neurons independently modulate ARM formation in different MB lobes.
Discussion

OA in Olfactory Memory
The key finding of our study is that OA from the single APL neuron innervating the entire MB is required specifically for ARM formation in aversive olfactory conditioning in Drosophila. This conclusion is supported by five independent lines of evidence. First, blocking neurotransmission from APL neurons after training, but before testing, impaired ARM (Figures 1B and 1D) . Second, the APL neurons are tyramine, Tbh, and OA antibody immunopositive (Figures 2B-2D) . Third, adult-stage-specific reduction of Tbh levels in the APL neurons, but not in dTdc2-GAL4 neurons that do not include the APL neurons, specifically abolished ARM without affecting learning or ASM (Figures 3 and S3) . Fourth, Octb2R is expressed preferentially in the a 0 b 0 lobes ( Figure 5E ), and adultstage-specific reduction of Octb2R expression in the a 0 b 0 KCs impaired ARM ( Figure 6 ). Fifth, the additive memory Figure S3 and Movie S1.
impairments demonstrated in flies subjected to Tbh plus inx7 knockdowns and Tbh knockdown plus cold shock, but not inx7 knockdown plus cold shock, confirm that a single APL neuron modulates both ASM and ARM through gap-junctional communication and OA neurotransmission, respectively (Figure 7A) . Although it has been shown that the APL neurons are also GABAergic [16] , our results showed that OA is the primary neurotransmitter from the APL neurons involved in ARM formation because reduced GABA levels induced by Gad1 RNAi inhibition in the APL neurons did not affect 3 hr memory (Figures 2A, S2A, and S2B) .
In Drosophila olfactory memories, OA and dopamine have been shown to act as appetitive and aversive US reinforcements, respectively [4] . It is important to point out that the original claim that Tbh plays no role in aversive learning only examined 3 min memory, not 3 hr memory or ARM [4] . It is not surprising to find that OA modulates ARM in aversive memory because dopamine has also been attributed to diverse memory roles, including a motivation switch for appetitive ITM [25] and appetitive reinforcement [3, 6, 7] . Intriguingly, dopamine negatively inhibits ITM formation [24, 26] , but OA positively modulates ARM formation.
Food deprivation in Drosophila larvae induces behavioral plasticity and the growth of octopaminergic arbors via Octb2R-mediated cyclic AMP (cAMP) elevation in an autocrine fashion [22] . In this study, we showed that the APL neurons release OA acting on the Octb2R-expressing a 0 b 0 KCs for ARM, instead of inducing autocrine regulation (Figures 5 and  6 ). Applying OA directly onto the adult brain results in an elevation of cAMP levels in the whole MB [27] , and OA has been shown to upregulate protein kinase A (PKA) activity in the MBs [28] . Intriguingly, ARM is enhanced by a decreased PKA activity [29] and required DUNCE-sensitive cAMP signals [30] . We speculate that APL-mediated activation of Octb2R may lead to an intricate regulation of cAMP in the a 0 b 0 KCs for ARM formation. (A) Effects of knockdown of OA receptors in all KCs (OK107-GAL4) on ARM. Three-hour memory was measured in flies subjected to a 2 min cold shock 2 hr after training. Each value represents mean 6 SEM (n = 8). *p < 0.05. Genotypes were as follows: (1) +/+, (2) +/+; +/+; OK107-GAL4/+, (3) +/OA-R RNAi ; +/+; +/+, and (4) +/OA-R RNAi ; +/+; OK107-GAL4/+. UAS-oamb RNAi (v106511), UAS-octb1R RNAi (v47896), UAS-octb2R RNAi (v104524), and UAS-octb3R RNAi (v101189) were used in ''OA-R RNAi '' to knock down oamb, octb1R, octb2R, and octb3R, respectively. (B) Effects of octb2R knockdown in subsets of MB neurons on 3 hr ARM. Each value represents mean 6 SEM (n = 8). *p < 0.05. Genotypes were as follows: (1) +/+, (2) MB-GAL4/+, (3) +/UAS-octb2R
RNAi (v104524), and (4) MB-GAL4/UAS-octb2R RNAi (v104524). For ''MB-GAL4,'' C739-GAL4, 201Y-GAL4, and VT30604-GAL4 were used to drive UAS-octb2R
RNAi expression in ab, g, and a 0 b 0 KCs, respectively. (C) Western blot validation of the specificity of Octb2R antibody and the effectiveness of UAS-Octb2R
RNAi driven by the panneuronal elav-GAL4. Genotypes were as follows: (1) Cotransmission of GABA and OA Although it has generally been assumed that, in a particular neuron, the same neurotransmitter is used at all synapses, exceptions continue to accumulate in both vertebrates and invertebrates. Scattered evidence suggests that corelease may be regulated at presynaptic vesicle filling and postsynaptic activation of receptors, but the physiologic significance remains poorly understood [31] . Here, we report that the APL neurons corelease GABA and OA. In the APL neurons, a reduced GABA level affects learning [16] , but not ITM (Figure 2A ), whereas a reduced OA level has no effect on learning ( Figure S3C ), but impairs ITM (Figure 3) , suggesting that the two neurotransmitters are regulated in different ways in the same cell.
It has been proposed that the APL neurons might be the Drosophila equivalent of the honeybee GABAergic feedback neurons, receiving odor information from the MB lobes and releasing GABA inhibition to the MB calyx [16, 32, 33] . This negative feedback loop for olfactory sparse coding has been supported by electrophysiological recording of the giant GABAergic neuron in locusts [34] . However, the function of Drosophila APL neurons is complicated by the existence of functioning presynaptic processes in the MB lobes [16] , mixed axon-dendrite distribution throughout the whole MB (Figure 4) , and GABA/OA cotransmission (Figures 2 and S2 ).
ARM Circuit
Normal performance of ARM behavior requires serotonin from the DPM neurons acting on ab KCs via d5HT1A serotonin receptors [13] and function of RADISH [14, 23] and BRUCHPILOT [35] in the ab KCs. Surprisingly, our results show that ARM formation also requires OA from the APL neurons acting on the a 0 b 0 KCs via Octb2R OA receptors, suggesting the existence of two distinct anatomical circuits involved in ARM formation. However, it remains uncertain whether two branches of ARM occur in parallel because combination of various molecular disruptions (i.e., Tbh RNAi and pCPA feeding/rsh 1 mutant) did not completely abolish ARM and partial disruption of one anatomical circuit will allow additive effects of another treatment even if they act on the same ARM. We favor the hypothesis of the existence of two distinct forms of ARM based on the following observations. First, neither d5HT1A
RNAi knockdown in a 0 b 0 KCs [13] nor octb2R
RNAi knockdown in ab KCs ( Figure 5 ) affects ARM, suggesting that the two signaling pathways act separately in different KCs and do not affect each other in the same KCs. Second, each of the three ways of molecular disruption (i.e., Tbh RNAi , pCPA feeding, and rsh 1 mutant) results in a similar degree of ARM impairment, but additive effect did not occur in rsh 1 mutant flies fed with pCPA [13] and was evident when Tbh RNAi treatment combines with either pCPA feeding or rsh 1 mutant (Figures 7B and 7C ). It's noteworthy that ARM is also affected by dopamine modulation because calcium oscillation within dopaminergic MB-MP1 and MB-MV1 neurons controls ARM and gates long-term memory [24] , albeit a different view has been brought up [26] . The target KCs of these dopaminergic neurons on ARM remain to be addressed.
Both the APL and DPM neurons are responsive to electric shock and multiple odorants [11, 16, 36] , suggesting that they likely acquire olfactory associative information during learning for subsequent ARM formation. However, the DPM neurons may receive ARM information independently because their fibers are limited within MB lobes ( Figure S4E ) and gap-junctional communications between the APL and DPM neurons are specifically required for the formation of ASM, but not ARM [11] . Given that all dopamine reinforcement comes in via the g KCs [8] , it is possible that the DPM neurons obtain ARM information from g KCs. Together, these data suggest that two parallel neural pathways, serotoninergic DPM-ab KCs and octopaminergic APL-a 0 b 0 KCs, modulate 3 hr ARM formation in the MB. Octopaminergic APL-a 0 b 0 KC Circuit for ARM
Experimental Procedures
Fly Stocks Fly stocks were raised on standard cornmeal food at 25 C and 70% relative humidity on a 12 hr:12 hr light:dark cycle. VT lines were provided by Barry Dickson (Research Institute of Molecular Pathology, Austria). The APL-GAL4 line was generated by recombining VT43924-GAL4 and UAS-GAL4 on the third chromosome. All RNAi lines were obtained from the Vienna Drosophila RNAi Center.
Whole-Mount Immunostaining
For octopamine and tyramine (OA/TA) staining, we used a modified version of the protocols used by Nicholas Strausfeld group [37] and Hiromu Tanimoto group [38] . After anesthetization, the fly head capsule was opened in fixative containing 0.65% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.0) with 1% sodium metabisulfite (SMB; SigmaAldrich) and prefixed for 5 min on ice. Thereafter, the fly brains were dissected and transferred into fixative containing 1.5% paraformaldehyde and 1.0% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.0) with 1% SMB. After twice microwave-aided fixations (2,450 MHz; 1,100 watts), 2 min on and 2 min off, the brains were treated with 0.5% sodium borohydride (NaBH 4 ; Sigma-Aldrich) in 0.05 M Tris-HCl buffer containing 0.45% SMB (Tris-HCl SMB) (pH 7.4) for 20 min to diminish autofluorescence caused by glutaraldehyde fixation. After extensive washing in Tris-HCl SMB buffer without (2 3 10 min) and with 0.5% Triton X-100 (Tris-HCl SMB TX; 2 3 10 min), the brains were incubated with 10% normal goat serum solution (NGS) diluted in Tris-HCl SMB buffer containing 2% Triton X-100 for 2 hr for OA staining or overnight for tyramine staining. All the antibodies and reagents for OA/TA staining were diluted in Tris-HCl SMB buffer containing 0.5% Triton X-100 and 10% NGS. The brains were incubated in the primary antibody, mouse-anti-OA (1:1,000; ABD-029; Jena Bioscience) or rabbit-anti-pTA (1:250 dilution; AB124; Millipore), for 2 days. After extensive washing in Tris-HCl SMB TX buffer (4 3 25 min), goat anti-rabbit or anti-mouse biotin-conjugated immunoglobulin G (IgG) (1:250 dilution; Invitrogen) was applied as secondary antibodies for 1 day. After washing (4 3 25 min), streptavidin-conjugated Alexa-635 reagent (1:500 dilution; Invitrogen) was applied to detect the immunoreactive signal.
For all other immunostainings, we used the paraformaldehyde-based procedure (Supplemental Experimental Procedures). The rat anti-Octb2R antibody was generated by Antibody International with a highpressure liquid chromatography (HPLC)-purified synthetic peptide, NH2-GPEPPRQRHRNRTSAARIR-COOH, selected from the Octb2R sequence. Primary antibodies were mouse 4F3 anti-discs large antiserum (1:100 dilution; Developmental Studies Hybridoma Bank, University of Iowa), rat anti-Octb2R antibody (1:1,000 dilution), rabbit anti-g-aminobutyric-acid (GABA) antibody (1:250 dilution; Sigma-Aldrich), mouse 4B1 anti-choline acetyltransferase (ChAT) antibody (1:2,000 dilution; Developmental Studies Hybridoma Bank), rabbit anti-vesicular glutamate transporter (VGlut) antibody [39] (1:100 dilution), rabbit anti-serotonin antibody (1:1,000 dilution; Sigma-Aldrich), mouse anti-tyrosine hydroxylase antibody (1:50 dilution; ImmunoStar), and rabbit anti-tyramine-b-hydroxylase (Tbh) antibody [40] (1:1,000 dilution). The secondary antibodies were: 1:250 biotinylated goat anti-mouse, anti-rabbit, or anti-rat IgG (Invitrogen). Finally, brain samples were washed and incubated in 1:500 Alexa Fluor 635 streptavidin (Invitrogen) at 4 C overnight. After extensive washing, the brain samples were cleared and mounted in FocusClear (CelExplorer Labs) for confocal imaging.
Western Blotting
Brain lysate proteins were electrophoresed on 12% SDS-PAGE and then electroblotted onto polyvinylidene difluoride membranes. Immobilized proteins were probed with rat anti-Octb2R antibody (1:20,000 dilution) or a mouse monoclonal anti-actin antibody (1:10,000 dilution; Sigma-Aldrich) as a loading control, and the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat-anti-rabbit IgG secondary antibody (1:5,000 dilution). Positive signals were visualized with Qentix Western signal enhancer and SuperSignal West Pico Substrate detection (Pierce, Thermo Fisher Scientific).
Confocal Microscopy
Sample brains were imaged under a Zeiss LSM 710/510 confocal microscope with a 40 3 C-Apochromat water-immersion objective lens or a 63 3 LCI Plan-Neofluar objective lens.
Quantitative OA-Antibody Immunostaining Sample brains from FM7a/Y; UAS-mCD8::GFP/+; APL-GAL4/+ or Tbh nM18 /Y; UAS-mCD8::GFP/+; APL-GAL4/+ flies were simultaneously subjected to the OA-staining protocol and imaging procedure. Images were processed with Avizo software.
Quantitative Axon-Dendrite Polarity Analysis Images of UAS-mCD8::GFP/FRT g13 ,UAS-mCD8::GFP; UAS-syt::HA/APL-GAL4 and UAS-DenMark/FRT g13 ,UAS-mCD8::GFP; APL-GAL4/+ flies were processed with Avizo software.
Behavioral Assay
Olfactory associative learning was measured by training young adult flies (3-7 days after eclosion) in a T maze with the Pavlovian conditioning procedure. 
Drug Feeding
For DL-p-chlorophenyl-alanine (pCPA), the feeding protocol has been reported in detail previously [13] . Flies, 2-3 days after eclosion, were kept in a glass bottle containing a 6 3 6 cm Chrome-Paper sheet (Sartorius) loaded with 2 ml pCPA/glucose solution overnight. pCPA (100 mg/ml; Sigma-Aldrich) was dissolved in DMSO as stock and then was diluted to 10 mg/ml in 5% glucose. The control flies were kept in a bottle with vehicle alone (2 ml 5% glucose solution without pCPA).
Statistical Analysis
All raw data were analyzed parametrically with JMP5.1 statistical software (SAS Institute). Because of the nature of their mathematical derivation, performance indices are distributed normally. Hence, the data were evaluated via one-or two-way ANOVAs, except for the two-group comparisons in the Figures 2E, 2F , and 5D, for which paired t test was applied. Subsequent pairwise planned comparisons were adjusted for experimentwise error (a 0 ), keeping the overall a = 0.05. All data were presented as mean 6 SEM.
Quantitative PCR
The effectiveness of each UAS-target gene
RNAi line was verified with qPCR. Flies for qPCR were generated by crossing elav-GAL4 virgin flies to either wild-type males or the various UAS-target gene RNAi males.
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